Abstract-Special suits have been designed to simulate the physical functions of the elderly. However, it has been suggested that these suits do not simulate the postural instability that is actually observed in elderly subjects. We consider that postural instability in the elderly is caused by anomalous signals in the vestibules. In this study, we have verified this hypothesis by using galvanic vestibular stimulation (GVS) that can mask regular signals until they reach the vestibular nuclei. In conclusion, we could simulate the deterioration in equilibrium function with advancing age to a certain extent. We have also revealed that postural instability in the elderly may be improved by the presence of visual information.
I. INTRODUCTION
n humans, the standing posture is maintained by the body's balance function, which is an involuntary physiological adjustment mechanism [1] . Aging causes deterioration in visual, auditory, and vestibular functions and in proprioceptive inputs from the skin, muscles, and joints [2] , [3] . The information received by these sensory receptors reduces with advancing age. There is ample evidence of deterioration in many sensorimotor systems underlying postural control, even in elderly people without obvious signs of disease [4] . The postural sway in static and dynamic posturography correlates with age and functional parameters of balance [5] , [6] , and there is an increased heterogeneity of postural control abilities in healthy adults [7] .
The risk of falling increases with increasing age, and falls in the elderly constitute an important health problem. The frequency of dizziness and balance problems increase with advancing age to become the most common complaints in patients older than 75 yr. [8] . The dizziness and postural imbalance in the elderly are frequently caused by vestibular, other sensory, or central nervous system disorders. In a retrospective study of more than 1000 cases of patients aged 70 yr. or older, who visited a dizziness clinic, 40% had benign paroxysmal positioning vertigo, followed by other vestibular or neurological disorders such as Menière's disease, vestibular neuritis, cerebral vascular episodes, and tumors [9] . Sensory vestibular hair cells and central vestibular neurons are differentiated cells that undergo continuing attrition from birth to old age, a senescence that varies anatomically by region [10] . Quantitative vestibular testing in humans has shown alterations with age as well; however, a decline with aging is not a prominent feature of all parameters [8] .
Special suits have been designed to simulate the physical functions of the elderly (Fig.1) . They comprise glasses with narrow visual fields to simulate poor eyesight, earplugs that reduce hearing ability, and weight loads that reduce movement ability. However, it has been suggested that these suits do not simulate the postural instability that is actually observed in elderly subjects (Fig.2) . We consider that postural instability in the elderly is caused by anomalous signals in the vestibules. As we have mentioned above, this hypothesis appears consistent with the published data on the ocular and postural responses in the elderly. In this study, we have verified this hypothesis by using galvanic vestibular stimulation (GVS) that can mask regular signals until they reach the vestibular nuclei.
The term "galvanic" refers to electric current. An Italian physiologist, Luigi Galvani (1737-1798) observed that the leg muscles of a frog contracted when stimulated with an electric current produced by dissimilar metals [11] . Although Allessandro Volta (1745-1827), an Italian physicist disputed Galvani's experimental results and hypothesis concerning the origin of "animal electricity," Volta became the first person to report dizziness when he Manuscript received April 30, 2008 H. Takada is with the University of the Air and Gifu University of Medical Science, 795-1 Ichihiraga Nagamine, Seki, Gifu 501-3892, Japan (phone: +81-575-22-9401; fax: +81-575-23-0884; e-mail: takada@ u-gifu-ms.ac.jp).
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to the direction of the cathode [20] . Stabilometry has been employed to evaluate the abovementioned equilibrium function both qualitatively and quantitatively. A projection of a subject's centre of gravity onto a detection stand is measured as an average of the centre of pressure of both feet (COP). The COP is traced for each time step, and the time series of the projections is traced on an xy-plane. By connecting the points in the temporal vicinity, a statokinesigram (SKG) is composed, as shown in Fig.2 . Several parameters such as the area of sway (S), total locus length (L), and so forth have been proposed to quantify the instability involved in the standing posture, and these parameters are widely used in clinical studies. However, it is difficult to diagnose the balance function disorders and to identify the declines in the equilibrium function clinically with the abovementioned indices by measuring the SKG patterns. Large interindividual differences might make it difficult to understand the results in comparison.
applied the current across his own head with his voltaic pile. The technique remains unchanged, but GVS has become increasingly popular in recent decades as a research and sometimes clinical tool. With respect to understanding the aetiology of the human GVS response, the origin of GVS-evoked reflex has not been explicated thus far. According to previous researches related to the brain, the entire labyrinth with the semicircular canals and otoliths is affected by the GVS [12] , [13] . Functional magnetic resonance imaging (f-MRI) during the GVS shows three different sensory systems that are activated in the insula-thalamic region: the vestibular, auditory, and nociceptive systems [14] .
GVS at a small stimulus current (0.25-2 mA) can evoke a prolonged galvanic body sway [15] and transient electromyographic response in the leg muscles of a standing human [16] , [17] . The onset of the GVS-evoked body sway is rapid and appears to be almost complete within 1 or 2 s of stimulus onset. The sway is in the direction of the anode and affects all body segments [18] . This mechanism has been explained as follows: GVS suppresses the firing rate in the output of the afferent nerves from the vestibular apparatus in the anode side [19] , and the subject has an illusion that the human body devotes itself Mathematically, the sway in the COP is described by a stochastic process [21] - [23] . We have examined the adequacy of using a stochastic differential equation (SDE) and investigated the most adequate SDE for our research. In the SDE as a mathematical model of the sway, G(x), the distribution of the observed points x, has the following correspondence with V(x), the temporal averaged potential function.
V(x) = -ln G(x)/2 + const. The value of V(x) can be obtained from an SKG and must be approximated to a polynomial of the fourth degree [24] . The potential curved surface has multiple minimal points. In the neighborhood of these points, the SDE shows a local stable movement with a high-frequency component (the fine variations involved in posture control) and therefore we can expect a high density of observed points (COPs) in this neighborhood on the SKG. The sparse density (SPD) depends upon the dispersion of the COPs as well as L/S which is regarded as a gauge to evaluate the function of proprioceptive control of standing in human beings. The SPD (See Appendix) is known as an index to evaluate the postural instability in stabilometry [25] .
(a) Fig. 2 . Typical statokinesigrams [5] recorded when a subject's eyes were closed (a) and when this subject wore the special suit (b).
The nonlinear property of SDEs is important. SDEs are affected by electric current during periodic GVS. It is considered that a periodic function s(t) is added to the SDE as a forcing term, and the form of the potential function V(x) changes [26] . An effective potential is estimated as (b) V eff (x) = U(x) + s(t)x, where x expresses a space variable in the lateral direction, that is, the direction of the GVS-evoked body sway. Using the SPD in the analysis of SKGs, we have investigated the metamorphosis in the potential function V(x) in this study. By comparing the SKGs, we herein study the effects of aging and GVS on the sway of COP.
II. MATERIAL AND METHOD
Thirty two healthy subjects volunteered for the study, and they were divided into two groups: the group of young people aged <22 yr. (20 ± 1 yr.) and the group of elderly people aged ≥65 yr. (70 ± 4 yr.). Each group had the same number of subjects. In the subsequent stabilometric analysis, we recorded the COP at rest and during GVS.
A. Stabilometry
; the difference between the sudden drop and the stationary blood pressure was larger than 40 mm of Hg [27] .
For 1 min before the sway was recorded, the subjects stood still in the Romberg posture with their feet together on the detection stand of a stabilometer (G5500, Anima Co., Ltd.). The COP sway was then recorded (sampling frequency, 20 Hz) at 25 °C when the subjects stood with their eyes open (1 min) and looked at a visual target placed at a distance of 3 m or when their eyes were closed (the following 1 min). The SKGs were simultaneously recorded using the stabilometer.
B. GVS
Every 1 s, rectangular current impulses were output from an electronic stimulator (SEN-3301, Nihon Kohden Co., Ltd.). The duration of the current was set to be 0.5 s (Fig.3a) . A small electric current (0.6-2.0 mA) was percutaneously applied on both sides of the mastoid processes through the Ag/AgCl electrodes of an isolator (SS-104J, Nihon Kohden Co., Ltd.) (Fig.3b) . We set the amplitude of the electric current to the maximum value obtained in the following anti-GVS test; this value varied among subjects.
C. Anti-GVS test
The initial current was set to be 0.6 mA. An addition of 0.2 mA was made to the last current every 20 s. Conversely, 0.2 mA were subtracted from the last current after the stimulus current reached 2.0 mA. We employed the anti-GVS test with the proviso that the test was be ended 
D. Statistics
We analyzed the following indices on the SKGs: the area of sway (S), total locus length (L), total magnitude of acceleration (A), A/L, SPD S k (k = 2, 3), and total locus length involved in the chain (LC) [28] in order to measure the postural instability caused by the effects of aging and the GVS. With regard to these factors, we tested with two arrangements having two levels. Six kinds of values were calculated on an SKG observed when the subjects' eyes were open or closed. We then employed a two-way analysis of variance (ANOVA) with repeated measures for each index and the visual conditions (presence or absence of visual information). The number of repetitions was set to 16 (the number of subjects). We examined the null hypothesis such that there was no interaction between the two factors and no difference between the population means at various levels. Moreover, multiple comparisons were employed along with Tukey's method. In both these statistical tests, a value of p < 0.05 was considered to be significant.
III. RESULTS
In Figs.4 and 5, we have shown the typical SKGs that were recorded when each subject's eyes were closed. Figures 4b and 5b show the results during the GVS. In these figures, the vertical axis shows the anterior and posterior movements of the COP, and the horizontal axis shows the right and left movement of the COP. The amplitudes of the sway that was observed in the elderly subjects (Fig.5) tended to be larger than those of the sway that was observed in the young people (Fig.4) . Furthermore, the lateral movement of the COP was often observed during the GVS shown in Figs.4b and 5b .
In this study, we employed a two-way ANOVA with repeated measures to analyze the indices for the SKGs recorded when the subjects stood with their eyes closed. No interaction between the factors (aging/presence or absence of GVS) could be detected in the statistical analyses. All indices except S and SPD were affected by the age factor. Further, postural instability was found to increase significantly with age irrespective of the visual conditions. The parameters L, A, SPD, and LC also increased during GVS regardless of the visual conditions (p < 0.05). The GVS tended to cause an increase in the A/L observed when the subjects' eyes were opened. Furthermore, we employed the following multiple comparisons among all groups: a) young group at rest, b) elderly group at rest, c) young group with a GVS load, and d) elderly group with a GVS load. There was no difference between the results for groups b) and c). It has been pointed out that posture tends to be maintained for the duration of the stimulus and there is often a reversed sway when the stimulus is stopped [18] .
Lateral oscillations in Figs.4b and 5b were thus observed during the GVS. According to the two-way ANOVA with repeated measures for SPD, a main effect was obtained for the GVS factor. We considered that metamorphosis in the potential function V(x) was caused by GVS, and the mathematical model was appropriate to the stochastic resonance in the SDEs. It was reported that the stochastic resonance in the heart rate variability was caused by the GVS [29] .
SPD is also known to be an indicator of deterioration in the vestibular cerebellum [28] . With respect to SPD, a significant effect was not found for the aging factor. Postural instability might be caused by the deterioration of the pathways involved in some vestibular nuclei except those of the vestibular cerebellum.
According to the two-way ANOVA with repeated measures for all indices except S and SPD, significant effects were obtained for both factors. No effect on S could be detected in this study. Further, there was no difference in SPD among all the abovementioned groups. There was also no difference between the results for groups b) and c) in accordance with the multiple comparison employed along with Tukey's method. Using the GVS, we could simulate the deterioration in the equilibrium function with advancing age to a certain extent. Therefore, it can be concluded that postural instability in the elderly is caused by the anomalous signals in the vestibules. In order to compare the SKGs recorded when the subjects stood with their eyes open and those recorded when the subjects had their eyes closed, we calculated the Romberg ratio for the indices under the above-mentioned conditions a)-d). According to the results of the Friedman tests, the Romberg ratio was not affected by the GVS load. However, L, A, and LC were found to increase significantly with advancing age. Postural instability in the elderly can be improved by the presence of visual information.
V. Conclusion
In this study, we have confirmed the following: 1) Metamorphongsis in the temporally averaged potential function in the SDEs was caused by GVS. 2) Postural instability in the elderly could be improved by the presence of visual information. 3) Using the GVS, we could simulate the deterioration in equilibrium function with advancing age to a certain extent.
In Japan, GVS has been integrated into a machine in order to enhance virtual reality [30] . Furthermore, this technique can be applied to special suits (Fig.1) . This technique will also be useful in nursing education because the methods for caring for an elderly person would be improved by understanding the physical characteristics of the elderly. We can also utilize the abovementioned technique in order to educate that the risk of falls increases with increasing age. As the next step, we would examine a curative effect of GVS on the deterioration in the equilibrium function with advancing age because effective balance training studies have employed the principle of overload to elicit improvements in stability in young adults [31] . APPENDIX
We herein describe the new quantification indices-"SPD" and "Chain"-that we proposed in [28] .
A. Sparse density (SPD)
SPD was defined by a scaling average of the ratio as G j (1)/G j (k). An SKG was divided into quadrates whose latus is j times longer than the resolution, and G j (k) expresses the number of divisions including more than k measured points. If the centre of gravity does not move, the SPD value becomes 1. If there are variations in the SKGs, it becomes greater than 1. In this manner, SPD depends on the characteristic of the SKG and the motion process of the COP.
B. Chain
The force acting on the centre of gravity of the body was defined in terms of the difference in the displacement vectors. In particular, we focused on the singular points where statistically large forces were exerted. Based on these forces, chains were eliminated from the SKG in the form of a consecutive time series [28] . If the times measured at these points were in the temporal vicinity, these points were connected by segments (sequences). The figures formed by these sequences were called "Chain" because of the shape of the connections. The chain was defined to have a cusp pattern by the figures of the sequences of the points where large forces were exerted.
